
21312

THE NASA / INDUSTRY DESIGN ANALYSIS METHODS FOR VIBRATION (DAMVIBS)

PROGRAM- BELL HELICOPTER TEXTRON ACCOMPLISHMENTS

James D. Cronkhite

Bell Helicopter Textron, Inc.
Fort Worth, TX

Abstract

Accurate vibration prediction for helicopter

airframes isneeded to "flyfrom the drawing board"

without costly development testing to solve vibra-

tion problems. The principal analytical toolfor vi-

bration prediction within the U.S. helicopterindus-

try isthe NASTRAN finiteelement analysis. Under

the NASA DAMVIBS research program, Bell con-

ducted NASTRAN modeling, ground vibration test-

ing, and correlations of both metallic (AH-1G) and

composite (ACAP) airframes. The objectivesof the

program were to assess NASTRAN airframe vibra-

tion correlations,to investigatecontributorsto poor

agreement, and to improve modeling techniques. In

the past, there has been low confidence in higher

frequency vibration prediction for helicopters that

have multibladed rotors(three or more blades)with

predominant excitation frequencies typicallyabove

15 Hz. Belrs findings under the DAMVIBS pro-

gram, discussed in this paper, included the follow-

ing: (1) accuracy offiniteelement models (FEM) for

composite and metallic airframes generally were

found to be comparable; (2) more detailisneeded in

the FEM toimprove higher frequency prediction;(3)

secondary structure not normally included in the

FEM can provide significantstiffening;(4) damping

can significantlyaffectphase response at higher fre-

quencies; and (5) future work isneeded in the areas
of determination of rotor-induced vibratory loads

and optimization.

Introduction
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Fig. 1. Problems with vibration prediction.

I. Complex fuselage structure of metallic or

composite construction with cutouts and redundan-

cies.

2. "Difficult"(difficult-to-model)components,

such as secondary structure, cowlings, fairings,

doors, windows, gearboxes, accessories,black boxes,

equipment, occupants, fuel, weapons, stores, and

landing gear.

3. Main rotor pylon (transmission and mast)

and isolationmounting.

Accurate and reliable vibration prediction

during the design of new rotorcraftincreases the

possibilityof minimizing vibration and achieving

the goal of "flying from the drawing board" with

minimal fine tuning during development flighttest-

ing. However, there are many problems with accu-

rate airframe vibration prediction,as illustratedin

Fig. 1. Accurate vibration predictionrequires a sys-

tematic approach and any weak links within the

analysis degrade the vibration prediction accuracy.

The following elements must be accurately repre-

sented inthe analyticalmodel:

*StaffEngineer, FlightTechnology

4. Main rotor vibratory excitationat the hub

and downwash impingement on the fuselage.

Within the U.S. helicopter industry, the

NASTRAN finiteelement analysis* has become the

accepted design tool for airframe vibration predic-

tion. The early application of NASTRAN at Bell

was on airframes with two-bladed main rotor sys-

tems having predominantly 2/rev excitation fre-

quency (twice per main rotor revolution). Bell was

able to effectivelyutilizeNASTRAN to successfully

support the design and development of two-bladed

rotorcraftairframe structures.2 Since the high 2/rev

vibratory hub loads required effective pylon

isolation systems and fuselage tuning to control
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vibrations, accurate vibration prediction was

imperative. In these early modeling efforts, the
lower frequency 2/rev vibration responses were
more accurately represented than were the higher

frequency responses above 3/rev, as shown in Fig.
2.3 In addition, calculated rotor hub excitations,

using Bell's coupled rotor-airframe analysis

programs such as C814 were considered adequate at
2Jrev; but there was lower confidence in the higher

frequency range, which requires greater
sophistication in the aerodynamic representation.

VIBRATION

GOOD
AGREEMENT

2 IREV 41REV
! ! |

A NASTRAN

PROBLEM: HIGHERFREQUENCYCORRELATION
(> 31REV) NEEDSIMPROVEMENT

Fig. 2. AH-IG NASTRAN vibrations model
frequency response comparison with
test.

Bell now has four-bladed main rotor systems
on its helicopters with predominant excitation fre-

quencies above 20 Hz. Thus, finite element predic-
tive capability needs to be extended up through 25 -
to 30-Hz to encompass the primary excitation of
four-bladed rotors in the current or planned helicop-
ter fleet. In addition, vibration prediction for air-
frames constructed from metallic or composite mate-
rials needs to be addressed.

This paper focuses on the R&D efforts and

accomplishments made at Bell under the NASA/
Industry DAMVIBS program to improve the higher

frequency vibration prediction for metallic and
composite airframes.

DAMVIBS Program

The NASA DAMVIBS research program was
established with the goal of improving reliability of
airframe vibrations analysis using NASTRAN. Un-
der the NASA DAMVIBS program, NASTRAN

modeling exercises were conducted by the major
U.S. helicopter manufacturers (Bell, Boeing,
McDonnell-Douglas, and Sikorsky). As shown in

Fig. 3, Bell's exercises included modeling, testing,

and correlaLionsolbothine_.,J_ic(AH-1G) and com-

posite(ACAP) airframes.Hell'sfindingsand accom-

plishmentsunder the DAMVIBS program are sum-

marized inthefollowingparagraphs.

AH- IG _orrelations

An existing AH-1G N ASTRAN finite element
model (FEM) that was developed under
NASA/Army funding6 was used for correlations

with flight vibration measurements and ground vi-
bration testing to investigate the effects of difficult
components. The existing original AH-1G FEM is
shown in Fig. 4. This model was used directly in the
coupled rotor/airframe analysis to correlate with
flight vibration data and was then improved during
the difficult components investigation. The AH-1G,
with a two-bladed main rotor, provided a good basis

for comparison of the quality of analytical models
considered adequate for vibration predictions in the
2/rev frequency range; the same standard of correla-
tion was then extended to analytical models dealing

with higher frequencies.

(_ouple_il_gt0r/Airfr{ImeAnalysisand FlightVibra-

tionCorrelation,S

Bell'scurrent methodology for airframe vi-

brationpredictionisillustratedinFig.5. A Mykles-

tad rotatingbeam analysis7isused tocalculatethe

rotatingelasticblade modal properties.A NAS-
TRAN FEM isused tocalculatethe airframemodal

properties.COPTER, a comprehensive rotoranaly-

sisprogram thatisa replacementof the C81 first

generationcomputer program, isthenused tocouple

the modal propertiesofthe airframeand rotorand
includetheaerodynamicstocalculatethe rotorhar-

monic hub loads.Finally,theairframevibrationsat

specificlocationsare determined using the hub

loadscalculatedby COPTER toexcitethe fullNAS-
TRAN airframemodel.

To perform the flight vibration correlations,
the COPTER coupled rotor/airframe analysis was

used to develop main rotor hub shears that were ap-
plied to the NASTRAN FEM of the AH-1G airframe.
In addition to the hub shear excitations calculated

by COPTER, measured control actuator loads and
fin lateral downwash effects were applied to the
FEM. Comparisons of the resultant airframe vibra-
tion calculations with measured flight vibrations
from an AH-1G operational load surveys were then
determined for 2/rev and 4/rev main rotor harmonics

in the lateral and vertical directions for six air-

speeds from 67 and 142 knots.

The analysiswas systematicallyplanned and

documented,and thecorrelationresultsreviewedby
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Fig. 3. Bell tests under NASA DAMVIBS research program.

NASA and industry experts in order to ensure scien-
t/tic control of the analysis and correlation exercise.
Thus, the results provide a sound basis for assessing
the adequacy of state-of-the-art FEM techniques
and rotor/airframe coupling methods for predicting
flight vibrations.

The results of the flight vibration correlations
are summarized as follows:

1. The rotor loads predicted by the dynam-
ically coupled rotor/airframe analysis showed gener-
ally good agreement between calculated blade loads
and test, as described by Dompka and Corrigan.6

2. As shown in Fig. 6, there was fairly good
agreement between calculated and measured verti-
cal 2/rev (10.8 Hz) vibration. The 2/rev frequency is
the predominant excitation frequency of the AH-1G
two-bladed rotor, producing the most significant

flight vibration levels.

3. Lateral 2/rev vibration predictions by
NASTRAN when using only calculated 2/rev hub
shears were much lower than test measurements.
However, the inclusion of the effects of lateral rotor

downwash on the tail fin showed significant im-
provement in the calculated vibrations and war-
rants further investigation.

4. Calculated and measured 4/rev vibration

responses deviated significantly from measured re-
suits.

AH-!G Difficult Components Investigation

Under an extensive vibration analysis and
testing task conducted on the Army AH-1G metallic
airframe, the effects on higher frequency vibration
correlations of difficult components (such as cowl-
ings, fairings, doors, windows, secondary structures,
engines, fuel, black boxes, transmissions, and

shafting) were investigated.9 The correlations were
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Fig. 4. Original AH-IG NASTRAN FEM.
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Fig. 5. Bell's procedures for airframe vibration
prediction.

Fig. 6. Comparison of measured AH-1G
2/rev and 4/rev vertical vibrations

with Bell predictions.

conducted in a stepwise manner by successively re-
moving components from the airframe, conducting
ground vibration tests, and then comparing mea-
sured vibrations to the NASTRAN FEM with com-

ponents removed. As shown in Fig. 7, the difficult
components are typically represented as lumped
masses in the model. The NASTRAN FEM was im-

proved by including more modeling detail in the
tailboom and including stiffness for secondary struc-
ture; then the correlations were repeated.

In order to isolate the effects of various com-

ponents on overall airframe vibratory response,
multiple vibration tests were conducted. Progres-
sive removal of selected difficult components was
done for each test until the primary structure re-
mained. Eight configurations were tested:

1. Baseline airframe (rotors replaced with

lumped masses).

2. Main rotor pylon removed.

3. Secondary structures, cowlings, fairings,
and doors removed.
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Fig. 7. Difficult components study: AH-1G
model correlations with test.

4. Tail rotor drive shaft and cover removed.

5. Skid landing gear removed.

6. Engine removed.

7. Fuel removed.

8. Canopy glass, black boxes, and wings re-
moved.

The baseline and stripped-down AH-1G GVT air-
frames are shown in Fig. 8.

Natural frequenciesof importantmodes, vi-

brationvs.frequencyresponse,and damping were
considered in the correlationsof the NASTRAN

ORIGINAL PAGE

BLACK AND WHITE Pt-(OTOORAPM

FULL AIRCRAFT

ALL COMPONENTS REMOVED

Fig. 8. AI-I-1G ground vibration test
airframe.

FEM with test.Using the naturalvibrationmodes

isa convenientway tounderstandthe forcedvibra-

tion response of the airframe and the effectsof

damping as well. The airframe totalharmonic vi-
brationresponsecan be broken down intoitsmodal

components using NASTRAN modal analysis.
Viewed inthisway, theairframevibrationresponse

isthe vectorsum or superpositionof the contribu-

tionfrom each mode as shown in Fig.9. Plotting

each modal contributorin the complex plane (tore-

latethe magnitude and phase ofthe modes thatsig-

nificantlycontributetotheresponseata givenloca-

tionand frequency)identifieswhich modes are the

primary contributorsto the vibratory response.
Also,the effectof damping, both proportionaland

nonpropertional,can be determined by the relative

phase relationshipof the modal contributorsin the

complex plane.

The improved, AH-1G NASTRAN FEM,

shown in Fig.10, was compared with each of the
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Fig. 10. Improved AH-IG NASTRAN FEM.

eight test configurations. The findings from the cor-
relations are summarized as follows:

I. As shown in Fig. 11, the natural frequency

correlation at the higher frequencies was improved
from 20% error to less than 5% error for rotor fre-

quencies up to 30 Hz (4/rev = 21.6 Hz for the AH-
IG) by adding more detail in the tailboom and by in-
cluding tightly fastened panels, doors, and secon-
dary structure in the forward fuselage,

2. The vibration vs. frequency response com-
parisons of test and the final AH-1G NASTRAN

Fig. II.AH-1G natural frequency comparisons.

FEM are shown in Fig. 12. The overall vibration
levels and trends generally agree well in the higher

frequency range through 4/rev (21.6 Hz) and above,
compared to the original FEM (refer to Fig. 2).

3. Lack of proper treatment of damping in the
FEM can affect the higher frequency correlations.

The effects of damping (both nonproportional and
modal) on the vibration response were investigated

using the ground vibration test data.

• The effects of nonproportional damping in
the test data were identified as significant in
the vibration response at the higher 4/rev fre-

quencies and not as significant at 2/rev (see
Fig. 13).

16



A

.._ 360Full-up configuration ,_

10.1 . 2/ray _rav

Gunner 10"z'_l [ _le°

vertlcel lO'S'/vf_L/_L..,*, " _ o.

resp°nee 104 "I _ _

I0 "s

10.1. -'----- Test
i ...... Anelyals

Gunner 10"2" AJ ,,J

literal 10<I-_ -_5_,' IN, .*, 36Q-

lo 0 $ 101520253035
Frequency, Hz . .......

Fig. 12. Test/NASTRAN comparisons of r ,.., ]
A H-I G respon se.

• Modal damping estimatesfortheeightAH-

IG airframeconfigurationsare shown inFig.

14. Except forthe pylon modes which liebe-

low I/roy, the fuselage modes average around THIRD LATERALBENDING
2% of critical damping and never exceed 5%.
The complex nature of most damping mecha-
nisms is difficult to model with linear FEMs.

The usual NASTRAN modeling procedure is

to assume the same value of modal damping,
generally 2% of critical, for each mode with
computing airframe responses.

4. Nonlinearities in the elastomeric mounts

and in thrust stiffening effects, shown in Fig. 15,
were found to have a significant effect on the pylon
and mounting stiffness. Correlations of the AH-1G

pylon indicate that the mount stiffness is dependent
on frequency and deflection and should be consid-
ered in the FEM along with differential stiffening of
the pylon due to thrust.

Composite Airframe (ACAP) {_orrelations

A NASTRAN FEM of the composite airframe, which

was developed by Bell under the U.S. Army's Ad-
vanced Composite Airframe Program (ACAP), was
correlated with ground vibration tests (GVT). The
ACAP correlations included a difficult components
investigation, the testing for which was conducted

by the Aviation Applied Technology Directorate
(AATD) of the U.S. Army Aviation Systems Com-
mand (AVSCOM). The results of the difficult com-

ponents investigation are described by Dompka and

30.9 HZ

HIGHERFREQUENCYMODE HASLARGEPHASE I
VARIATIONSFROM0* AND 180"INDICATING IHIGHERNONPROPI_,RT/ONALDAMPING

Fig. 13. Example ofnonproportional
damping effects.
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Fig, 14. AH-IG modal damping estimated
from ground vibration tests.

Calapodas.io The primary objective ofthe ACAP ex-
ercises was to assess the differences in modeling and

17
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correlation of composite airframes compared to me-
tallicairframes.

Mod_l Development

The processthatwas used indevelopingthe

ACAP NASTRAN FEM isshown in Fig.16. The

stiffnesspropertiesof the statics(stressanalysis)

model are used directlyin the dynamics fuselage

FEM, with only minor structuralmodifications.

The masses are then distributedto the fuselage

FEM and the pylonmodel isadded tocomplete the

airframe dynamics model used forvibrationpredic-

tion.Based on the experiencesfrom theAH-IG cor-

relations,a relativelydetailedFEM was used with

built-uptailboomratherthanelasticlineinorderto

obtain good correlationat higher frequencies

through 4/rev(23.2Hz). The ACAP FEM isshown

inFig.17.

Fig. 16. ACAP NASTRAN FEM develop-
ment process using common statics
dynamics models.

Some of the findings and accomplishments
from the ACAP modeling exercise were as follows:

1. Up-front planning helped expedite
modeling process. For example, following develop-
ment of a static model, only a minimum effort (about

50 manhours) was required for development of a dy-
namic model.

2. Some of Bell's automated modeling
tools were exercised for the first time. These exper-
iences helped in other programs, such as V-22.

3. For the first time, automated
diagnostics, in the form of NASTRAN DMAP alters,
were exercised for model checking and mode identi-
fication for large FEM development.

4. Composites were found to re-
quire an order-of-magnitude greater effort for mate-
rial property identification than for metallic struc-
tures.

A{_AP DifficultComponents Investigation

A series of GVTs of the ACAP were conducted

by AATD at its vibration test facility in Ft. Eustis,

VA. The NASTRAN correlations were performed by
Bell. Eight configurations were tested in the follow-
ing sequence:

l. Baseline with simulated fuel (1250 lb wa-

ter), rigid engine masses, and lumped masses for
main and tail rotors.

2. Crew doorsremoved.

3. Transparencies removed.

18
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Fig. 17. Bell ACAP NASTRAN airframe
vibration model.

4. Stripped down to primary structure with

dummy transmission fixture, lumped mass tail rotor

gearbox, and nose ballast.

5. Horizontal stabilizer added.

6. Cargo doors added.

7. Vertical fin added.

8. Landing gears added.

The ACAP baseline and stripped-down GVT con-

figurations are shown in Fig. 18.

To conduct the difficult component investiga-

tions, the ACAP NASTRAN FEM was modified to

represent each configuration from the stripped-

ALL COMPONENTS REMOVED

Fig. 18. ACAP ground vibration test
airframe.

down configuration (airframe stripped of engines,

landing gear, rotors, pylon [replaced by fixture],

fuel, stabilizers, drive shafts, doors, cowlings, elec-

tronics, wiring, seats, etc.) to the full-up baseline

configuration.

The findings from the ACAP GVT and FEM
correlations are summarized as follows:

1. Predicted and measured natural frequen-

cies for the stripped-down configuration are com-

pared in Fig. 19, which shows the major airframe
modes are generally within 10% difference, except

for the lateral model of the dummy pylon fixture.

2. The modal damping estimates from the

ACAP GVT are shown in Fig. 20 and compared to

the AH-1G. This comparison indicates there is not a

significant difference in the damping of metallic and

composite airframes. The 2% damping line on the
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3. A representative comparison of the vibra-
tion vs. frequency response for the stripped-down

configuration is shown in Fig. 21 and for the base-
line in Fig. 22. In Fig. 21, a response line is also
shown in the figure to approximate the estimated re-
sponse as if the dummy pylon fixture modes (not re-
presentative of the actual structure) were eliminat-
ed and only primary structure response were includ-
ed.

4. The relative stiffness of composite and me-
tallic airframes were found to be quite different.
Note in Figures 19 and 21 the relatively high fre-
quencies of the second and third vertical modes
(around 35 and 45 Hz) compared to those for the

0.1 Oumm¥
t rlnsmlssion

roof bending
mode

A l'nd vertical

: ..tt ..J.

i .,_ m,ell ; .... " "2' ¢' ' .." * A N

. _;: ,* ,

0.0001 rout dummy
treNmiulon

l I Vi/RiV

21HVI j

Frequqlncy(HJJ)

Fig. 21. Final FEM, ACAP stripped configura-
tion - vertical load on nose, vertical
response at FS 390.

AIt-IG (around 18 Hz and 30 Hz, as shown in Fig.
11). This is primarily due to the high stiffness of

graphite/epoxy used in the fuselage compared to alu-
minum for the same strength. Note also that the

ACAP first vertical bending mode is primarily tail-
boom bending, and that the tailboom longerons had
been softened by design using glass/epoxy composite
material. This helps illustrate the potential for
stiffness tailoring with composites (graphite/epoxy
for stiffening and glass/epoxy for softening) relative
to metallic structures.

5. The correlationsofthecompositeairframe

areconsideredcomparable tothemetallicairframe.

Since the basic approach to modeling the NAS-

TRAN FEM isthe same (exceptthatthe skinand

panel elements are generallyQUADs in composite

and shearpanelsinmetallicstructures),theaccura-

cy ofvibrationpredictionisexpectedtobe compara-
ble.

Optimization

Optimization offers the opportunity to more
efficiently identify key design variables early in the
design, thereby leading to designs with lower vibra-

tion and lower weight.ii A preliminary investiga-
tion into the use of optimization techniques to im-
prove the correlations between test and analysis was
conducted based on the AH-IG testing and original
NASTRAN FEM before improvement. Both the
University of Texas at Arlington (UTA) and Hughes

Aircraft (HA) subcontracted to Bell and applied non-
linear programming (UTA) and sensitivity analysis
(HA) to improve correlation of three modes of the
AH-1G, i.e., the first and second vertical bending
(overall airframe) and landing gear (component)

2O
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Fig. 22. Test/NASTRAN comparisons of
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modes. Structural elements of the FEM were

grouped into nine design variables to reduce the size

of the problem. The results are shown in the table
below.

Bell has continued to pursue structural opti-

mization and has developed a program called the

Structural Optimization and Analysis Routine

(SOAR) in collaboration with UTA. The SOAR pro-

gram, which uses NASTRAN in the optimization

analysis, includes objective functions of weight, vi-

bration response, static displacement, and error

Table 1. Optimization studies on AH-1G helicop-
ter airframe for improved test/analysis
correlation.

ii i i

Natural Frequencies (Hz)

Mode

Revised NASTRAN

model

Nonlinear Design

Original pro- sensitiv-

NASTRAN gram- ity ana-

Test model ruing* lysis**

First 7.9 8.2 7.6 7.8
vertical

bending

Landing 14.6 13.4 14.4 14.6

gear

Second 16.8 17.8 17.0 16.5

vertical

bending

III II I

* Bell/University of Texas at Arlington

** Hughes Aircraft Company

norm for correlation with test.

by Smith, et al. 12

SOAR isdescribed

Summary of Findings and Accomplishments under
DAMVIBS

The NASA DAMVIBS research program pro-

vided understanding of higher frequency vibration

predictions for metallic (AH-1G) and composite

(ACAP) airframes and identifiedmodeling deficien-

ciesand potentialareas forimprovement in 4/rev vi-

bration predictions. The findings and accomplish-

ments are summarized as follows;

1. Bell conducted NASTRAN modeling, test-

ing, and correlation exercises on the AH-1G and

ACAP airframes, which were planned and reviewed

with NASA and industry experts in order to ensure

scientific control as well as to promote technical ex-

change between the companies. This approach al-

lowed the companies to benefit from each other's

knowledge and experiences as well as converge on

industry modeling and correlation standards for

NASTRAN vibration analysis of airframe struc-
tures.

2. Vibration correlationsand measured mod-

aldamping were found tobe comparable formetallic

(AH-1G) and composite (ACAP) airframes.
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Composites allow more design freedom for stiffness - program and its acronym. An exceller, t overview by
tailoring whilemeetingstrengthrequirements. Mr. Kvaternik of the entire NASA DAMVIBS

3. More detail in the FEM was found to be re-

quired for higher frequency vibration correlation.
For example, in the AH-1G modeling and correla-
tion exercise, a detailed built-up FEM of the tail-
boom (rather than an elastic line) improved higher

frequency correlations.

4. IntheAH-IG correlations,inclusionofsec-

ondary structurein the forwardfuselagewas found

to improve higherfrequencycorrelations.The ef-
fectsofthe secondarystructure,nonstructuralpan-

els,and canopy shouldbe consideredduringthe de-

signphase.

5. Accurate vibration analysis of the main ro-

tor pylon and isolation mounts should properly ac-
count for elastomerics, thrust stiffening, rotor dy-

namics effects, transmission case flexibility, and

mast support bearing stiffness.

6. Further work is required to quantify the

effects of nonproportional damping that appears to
be more significant at the higher 4/roy frequencies
than at 2/rev.

7. In the future, aeroelastic rotor analysis

improvements are needed in the representation of
rotor downwash and the calculation of hub loads for

multibladed rotor systems. The current technology
in force determination should be extended and used

as a means of verifying and improving the flight
vibration correlation of FEMs.

8. Structural optimization was found to be a
useful tool and Bell is continuing with development
of this methodology and integrating it into the de-

sign process to efficiently achieve minimum weight
and vibration levels in future designs.

program has been published.13
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